Cell fusion, premature chromosome condensation (PCC) and conventional cytogenetics were used to test whether the biochemical process of chromatin condensation-decondensation throughout the cell cycle, which depends on cyclin-regulated histone HI kinase activity, affects the conversion of DNA damage into chromosome damage and determines intrinsic cell cycle-stage radiosensitivity. Results from three sets of experiments are presented. Irradiated G o human lymphocytes were fused to exponentially growing hamster cells and time allowed for repair, while following the hamster cells in their progress towards mitosis. Severe fragmentation was observed in the induced lymphocyte PCCs when hamster cells entered mitosis 13 h after irradiation, suggesting conversion of DNA damage into nonrepairable chromosome damage during Gj/S transition. When PCC was used to analyse chromosome damage directly in G o and G 2 phase lymphocytes, the induction of breaks per cell per chromatid per Gy was found to be similar, suggesting that G 2 increased radiosensitivity is related to chromatin condensation occurring during G2/M transition and not to an inherent chromatin structure at this phase. When chromatin condensation-decondensation at the Gi/S and G 2 /M transitions was modified after irradiation by using conditioned media or elevated temperature (40°C), a dramatic change in the yield and the type of chromosomal aberrations was observed. All results obtained were consistent with the proposed hypothesis. They may be also helpful in the characterization of a DNAchromosome damage conversion process which could give a biochemical explanation of the variability in radiosensitivity observed at the various stages of the cell cycle as well as among mutant cells and cells of different origin. The proposed conversion process is cell cycle-regulated and, therefore, subject to up-regulation or down-regulation following mutagen exposure and genetic alterations.
Introduction
Pioneer studies on die relationship between DNA replication and the chromosome damage caused by ionizing radiation offered a first description of the cell cycle. Cells duplicate their DNA during a distinct synthesis (S) phase, preceded by a gap (Gi) phase and separated from mitosis (M) by a second gap (GJ phase. As cells progress through diese phases, their sensitivity to the lethal effects of ionizing radiation and formation of chromosomal aberrations varies. Middle to late S phase and G] are known to be resistant, while mitosis, G]/S, and G2/M transitions are very sensitive to radiation (Terasima and Tolmach, 1963; Sinclair and Morton, 1966) . Ionizing radiation causes in addition perturbation in the cell cycle progression, particularly lengthening of the G] and G 2 phases (Painter and Robertson, 1959; Wolf, 1968; Leepere/a/., 1972) . Several possible mechanisms have been suggested to explain diis variation in sensitivity and the perturbation in cell cycle progression following irradiation. It is mainly considered that induction and repair processes of DNA double strand breaks (dsb) result into the formation of chromosomal aberrations. It is likely, though, that chromosomal aberrations are not always the result of irreparable double strand breaks, but rather of an active conversion process of DNA damage into chromosome damage (Pantelias, 1993) which is genetically determined and cell cycle-stage dependent. Such a conversion process which could give a biochemical explanation for the differential cell radiosensitivity observed, remains, however, unknown.
In this study, using cell fusion, premature chromosome condensation (PCC), and conventional cytogenetics, experiments were carried out in order to determine the influence of the cell cycle-stage dependent processes of chromatin condensation-decondensation on the conversion of radiationinduced DNA lesions into chromosomal aberrations. Specifically, we tested the following hypothesis: the biochemical process of chromatin condensation-decondensation throughout the cell cycle, which depends on the presence of cyclins, p34cdc2 and other cell cycle-regulated proteins that express histone HI kinase activity, affects the conversion of radiationinduced DNA damage into chromosomal damage. Such a DNA-chromosome damage conversion process may determine also cell cycle-stage intrinsic radiosensitivity fluctuations. Indeed, the cell cycle phases in which the most efficient induction of chromosome aberrations by ionizing radiation occurs are those where efficient reduction in clonogenicity takes place as well (Dewey et al, 1970) . Furthermore, the results presented here may contribute to improve understanding of fundamental issues such as: (i) why G^S and G 2 /M transitions are highly radiosensitive stages of the cell cycle. Is this correlated to the abrupt changes in chromatin conformation that take place during these transitions? (ii) does cell cycle delay in response to DNA damage provide additional time for repair before the cell enters critical periods of the cell cycle, such as DNA synthesis in S phase or chromosome condensation in G 2 phase? Is some 'potentially lethal' DNA damage 'fixed', i.e. converted into chromosome damage, only if cells progress through the G^S and G 2 /M transitions immediately after irradiation, before repair takes place? (iii) is the increased radiosensitivity of G 2 phase due to a particular chromatin structure at this stage of the cell cycle that allows a more efficient conversion of DNA damage into chromosome damage? and (iv) why cells at mitosis are highly radiosensitive? Is this correlated with the fact that cells irradiated at mitosis fail to delay entry into interphase and the chromatin decondensation processes taking place during this transition convert efficiently the induced DNA damage into chromosome damage?
The results obtained here indicate that following exposure to ionizing radiation, the onset and the efficiency of chromatin condensation-decondensation are important determinants of the process that converts DNA damage into chromosomal breaks. They may be also helpful in the characterization of a process that could give a biochemical explanation for the differential cell radiosensitivity observed at the various stages of the cell cycle as well as among mutant cells and cells of different origin. The proposed DNA-chromosome damage conversion process is cell cycle-regulated and, therefore, subject to up-regulation or down-regulation following mutagen exposure and genetic alterations.
Materials and methods

Cell culture and irradiation conditions
Chinese hamster ovary (CHO) cells were grown in McCoy's 5 A culture medium supplemented with 10% fetal calf serum and antibiotics. All incubations were at 37°C in a humidified incubator, in an atmosphere of 5% CO 2 and 95% air. Experiments described here were performed using plateau-phase, exponentially growing, and M-phase hamster cells. Plateau-phase cells were obtained by growing 1X10
5 cells in 60 mm dishes (3 ml medium) for 4 days without medium change, and used to supply conditioned medium (C-med). M phase cells were obtained from exponentially growing cells after a 4 h treatment with 0.2 |ig/ml colcemid and harvested by selective detachment Human lymphocytes were obtained from freshly drawn blood from healthy individuals, and were separated by Ficoll-Paque sedimentation and suspended in McCoy's 5A medium supplemented with 10% fetal bovine serum. Isolated lymphocytes were either used at their G o phase or at G 2 phase after they had been cultured in the presence of phytohaemagglutinin (PHA), and irradiated with doses up to 3 Gy Irradiations were earned out with a Torrex X-ray machine (Torr X-Ray Corp., Harbor City, CA) operated at 130 kVp, 5 mA with a 2 mm Al filter. Dosimetry was performed with a Victoreen dosimeter and the dose rate was adjusted to 0 5 Gy/min.
Cell fusion and premature chromosome condensation
Conversion of DNA damage into visual interphase chromosome damage under the various experimental conditions was measured using polyethylene glycol (PEG)-mediated cell fusion and PCC induction (Pantelias and Mailhe, 1983) . Specifically, to measure the conversion of DNA damage into PCC fragments under the influence of chromatin phosphorylation and the MPF activity of the PCC-inducer cell, lymphocytes were fused to mitotic CHO cells immediately or at various repair times after irradiation. Briefly, mitotic cells and lymphocytes were washed separately with McCoys 5A medium without serum and mixed in a ratio of ~1 5 in a 15 ml round bottomed culture tube. After centrifugation at 200 g for 5 min, the supernatant was discarded without disturbing the cell pellet and 0.1 ml of 50% (w/v) PEG [MW 1450 (Sigma, St Louis, MO) or PEG 1500 (Boehnnger Mannheim, Mannheim. Germany)] prepared in phosphate-buffered saline (PBS) was added all at once and held for ~1 nun. Subsequently. 2 ml of PBS was slowly added, the lube was gently shaken and the cell suspension was centnfuged at 200 g for 5 min. The supernatant was discarded and the pellet resuspended in 0.7 ml of McCoy's 5A growth medium supplemented with colcemid (0.05 ml from a 10~5 M stock solution). After 75 min at 37*C, cell fusion and PCC induction was completed and chromosome preparations were obtained by standard cytogeneUc procedures (Pantelias and Maillie. 1983) . For the direct analysis of radiauon-induced chromosomal damage in G : phase cells, lymphocytes isolated from peripheral blood were cultured and irradiated at 48 h just before they were fused to mitotic cells. Routinely. 30-50 lymphocytes in G o or G 2 phase were scored for excess chromosome fragments or chromatid breaks respectively, for each experimental point. The SD of the mean values from three independent experiments were calculated
To study the conversion of DNA damage into chromosome damage under the influence of chromatin phosphorylation-dephosphorylation processes occurring throughout the cell cycle. Go lymphocytes were irradiated with 6 Gy X-rays and immediately fused to exponentially growing hamster cells. The hamster cells were pulse-labelled for 10 nun with pH]-thymidine (2 mCi/ ml: sp. Act. 72.5 Ci/mmol) before trypsinization and preparation for cell fusion. At 30 min after fuMon. cells were transferred from the culture tubes into culture dishes in 3 ml of growth medium at 37°C. Mitotic hamster cells carrying along lymphocytes were harvested by shake-off subsequently every 2 h and up tn 20 h after irradiation In parallel control experiments, irradiated G n lymphocytes were allowed to repair and convert their DNA damage into chromosome damage without the influence of the processes taking place in 
Results
Data are presented from three sets of experiments designed to identify a biochemical process that may affect the conversion of DNA damage into chromosome damage at various stages of cell cycle following exposure of human peripheral blood lymphocytes to X-rays. In the first set of experiments, GQ lymphocytes irradiated with a dose of 6 Gy, or non-irradiated G o lymphocytes, were fused to exponentially growing CHO cells. Fused lymphocytes were allowed to repair their DNA damage under the influence of chromatin condensation-decondensation processes taking place at different cell-cycle stages in the cycling hamster cells as they were progressing towards mitosis. The results obtained from two or three independent experiments are shown in Figure 1 . Lymphocytes analysed from 3 up to 9 h after irradiation were those fused to S-phase CHO cells. The residual damage scored was found to be similar to that observed in lymphocytes allowed to repair alone (Figure 2 ). However, a severe fragmentation (Figure 3 ) was observed in the induced lymphocyte PCCs when hamster cells entered mitosis 12-14 h after irradiation instead of the expected 2-5 fragments per cell after such a repair period, suggesting conversion of DNA damage into non-repairable chromosome damage during G|/S transition. Non-irradiated lymphocytes fused to exponentially growing hamster cells and analysed at various times after irradiation exhibit no chromosome fragmentation (Figure 4 ) even when they were harvested at the 20 h time point. The second set of experiments examined whether the intrinsic radiosensitivity of the G 2 -phase of the cell cycle involves an inherent chromatin structure that allows a more efficient conversion of DNA damage into chromosome damage. For this purpose, G 2 -phase peripheral blood lymphocytes were exposed to X-rays and analysed for chromatid breaks directly at that stage of the cell cycle by fusion with mitotic CHO cells and PCC induction. In this way. the yields obtained are not subjected to cell cycle kinetics or other confounding factors of the conventional metaphase chromosome analysis. The yield was compared with that obtained from parallel experiments using Go lymphocytes. Linear dose-response curves were obtained. The initial yields of PCC breaks per cell per chromatid per Gy for G o and G 2 lymphocytes were found to be similar (Figures 5 and 6 ).
In the third set of experiments the biochemical processes of chromatin condensation-decondensation at the Gj/S and G2/M transitions in cultured lymphocytes were modified by using conditioned media (C-med) and elevated temperatures (40°C) respectively, following their exposure to a certain dose of X-rays. The conversion of DNA lesions into chromosome damage and the final formation of chromosomal aberrations under these experimental conditions were analysed in the subsequent mitosis. Lymphocyte mitotic cells from whole blood cultures blocked with a 3 h colcemid treatment 50 h after their PHA stimulation, were irradiated with a dose of 3 Gy. Subsequently, cells were washed twice in medium without serum to remove the colcemid block and cultured again either in complete culture medium (F-med) or in conditioned medium (C-med). The cells in F-med were analysed for chromosome-type aberrations 24 h later, at the subsequent mitosis. The cells in C-med were cultured for 24 h and, after replacing the C-med with F-med, they were further cultured for 24 h and analysed for chromosome-type aberrations in the subsequent mitosis. The results obtained from two independent experiments are shown in Table I . With respect to the use of elevated temperatures to modify the G 2 /M transition, cultured lymphocytes were irradiated with 0.5 and 1.0 Gy of X-rays 72 h after culture initiation. Immediately after irradiation cells were treated with colcemid and allowed for 1.5 h to proceed to mitosis at 37 or 40°C. Cells were harvested at this time period and the yields of chromatid damage obtained under these conditions are shown in Figure 7 . Discussion Although it had been implied for man> >ears from a number of studies (Sax. 1943 : Wolff. 1961 ) that the amount of spiralization or chromosome movement could inhibit restitutional repair of chromosome breaks, a direct causal relationship between formation of chromosomal aberrations and changes in interphase chromosome conformation was not possible until the methodology of PCC was developed (Johnson and Rao, 1970; Pantelias and Maillie, 1983) . Using the PCC method, it was realized that changes in chromatin conformation soon after irradiation, presumably as a result of histone HI phosphorylation-dephosphorylation, strongly affect the conversion of DNA lesions into visual PCC fragments (Pantelias, 1986) . The yield of PCC fragments observed was directly related to the amount of chromatin phosphorylation allowed to take place after irradiation and inversely related to the extent of chromosome condensation at the time of irradiation. Since changes in chromatin conformation associated with the process of premature chromosome condensation are predominantly the result of mitosis promoting factors (MPF) acting on interphase chromatin, it was also shown that a high MPF phosphorylation activity level in the mitotic PCC-inducer cells produces a higher yield of visible PCC fragments, i.e. DNA damage was converted into chromosome damage more efficiently (Cheng etal., 1993) . Additional evidence for the importance of changes in chromatin structure in the conversion of radiation-induced DNA lesions into lethal events was provided by experiments carried out using tsBN2 mutant cells with a temperaturesensitive defect in a protein (RCC1) that regulates chromosome condensation. Post-irradiation condensation of interphase chromatin in this cell system increases cell radiosensitivity (Sasaki and Nishimoto, 1987) without affecting rejoining of DNA dsb (Iliakis et ai, 1995) . All these results support indirectly our hypothesis.
In this paper, we present data from three sets of experiments designed to test directly the proposed hypothesis that the biochemical process of chromatin condensation-decondensation taking place at the various cell cycle stages following irradiation affects the conversion of DNA damage into chromosome damage and determines intrinsic cell cycle-stage radiosensitivity.
In the first set of experiments, irradiated Go lymphocytes were fused to CHO hamster cells at exponentially stage of growth and allowed to repair their DNA damage under the influence of cell cycle-regulated processes in the cycling hamster cells. As soon as a hamster cell fused to a lymphocyte enters mitosis, it induces PCC in the guest lymphocyte that it carries, enabling thus the analysis of the residual chromosomal damage in the G o lymphocyte at that particular time after irradiation. The presence of [ measurement of the kinetics of interphase chromosome breaks rejoining. An excess fragmentation was observed in the induced lymphocyte PCCs when hamster cells entered mitosis 12-14 h after irradiation, in comparison with the control yields expected after the same repair time period (Figure 1) . From the repair kinetics and the lack of [ 3 H]-thymidine pulse-labelling of hamster cells it was concluded that these severely damaged lymphocytes were fused to CHO cells at G[ phase. We can only explain the observed chromosomal fragmentation by assuming that the dephosphorylation processes and chromatin decondensation in the CHO cells at the G)/S transition affected their guest lymphocytes and transformed very efficiently their DNA lesions into nonrepairable chromosomal breaks. Chromatin decondensation in cells at the Gi/S boundary may, therefore, underlie cell hypersensitivity at that particular stage in the cell cycle. This interpretation is consistent with early experimental work suggesting a correlation between potentially lethal damage (PLD) fixation and G^S transition (Iliakis and Ntisse, 1983a,b) , possibly due to the abrupt alterations in chromatin structure taking place during this transition as visualized by means of the PCC method (Pantelias, 1986) .
In the second set of experiments, it was examined whether the intrinsic radiosensitivity of the G2-phase of the cell cycle involves an inherent chromatin structure which allows a more efficient conversion of DNA damage into chromosome damage. The results obtained (Figures 5 and 6) show that the initial yields of PCC breaks per cell per chromatid per Gy for G o and G2 lymphocytes are similar. They suggest, therefore, that G2 increased sensitivity in comparison with GQ does not involve an inherent chromatin structure that allows a more efficient translation of DNA damage into chromosome damage. When DNA damage is converted into chromosome damage by means of chromatin condensation induced by CHO mitotic inducer cells, chromatin structure is equally sensitive in both cases. The hypersensitivity of cells in G 2 phase in comparison with other stages in the cycle may be related, therefore, to chromatin condensation during G 2 /M transition and a subsequent efficient conversion of DNA damage into chromosome damage as cells proceed to mitosis.
In the third set of experiments, the biochemical processes of chromatin condensation-decondensation at the Gi/S and G 2 /M transitions in cultured lymphocytes were modified after a certain dose, using conditioned media and or elevated temperatures (40°C) respectively. Cells irradiated at mitosis and cultured in C-med divide promptly and enter Gj without further progressing into S phase (Iliakis et al. 1987) . When the Gj/S transition was blocked using conditioned medium (C-med) instead of fresh culture medium (F-med), a dramatic change in the yield of chromosome-type aberrations was observed (Table I ). The acentric rings were increased approximately five times, the centric rings six times, and the dicentric chromosomes more than three times. Apparently, restraining irradiated cells from proceeding through G\IS transition, increases the probability of misrepair and formation of exchanges due to the chromosome packing and the proximity of the DNA lesions during the 24 h repair period. These results are in agreement with those obtained from studies examining the cytogenetic effect of treating cells with restriction enzymes during mitosis, when the chromatin is maximally condensed. Large increases in interstitial deletion-type chromosomal aberrations were observed at the subsequent metaphase after enzyme treatment (Morgan et al., 1991b) .
When the G 2 /M transition was affected by increasing the lymphocyte culture temperature from 37 to 40°C, the mitotic index after 1.5 h colcemid treatment increased 30% and the yield of radiation-induced chromatid breaks up to lOO^ ( Figure  7 ). This increase in the mitotic index can be understood assuming that elevated temperature during the G 2 /M transition causes a faster chromatin condensation that leads to shortening of the G 2 period and an earlier entrance into M phase. According to the proposed hypothesis, therefore, one expects a more efficient conversion of DNA damage into chromatid breaks under these experimental conditions, as was observed. In summary, the results presented in this paper are consistent with the hypothesis that following exposure to ionizing radiation the onset and the efficiency of chromatin condensationdecondensation are important determinants of the process that converts DNA damage into chromosomal breaks. Such a cell cycle-regulated DNA-chromosome damage conversion process may explain the variation in radiosensitivity observed at the various stages of the cell cycle as well as among mutant cells and of cells of different origin. The proposed conversion process is genetically determined and, therefore, subject to upregulation or down-regulation following mutagen exposure and genetic alterations. These data may shed light not only on the mechanisms of chromosomal aberration formation but also on the understanding of radiosensitivity fluctuations at different cell cycle stages and, probably, on the nature of the variability in human sensitivity following exposure to various mutagens.
